In their journey to acquire the ability to fertilize the egg, numerous intracellular signaling systems are activated in spermatozoa, leading to an increase in protein tyrosine phosphorylation. Although the JAK/STAT signaling pathway is usually associated with the activation of transcription of specific genes, our laboratory previously demonstrated the presence of the IL6 receptor (IL6R) and the Janus kinase 1 (JAK1) in human spermatozoa, a cell that is mostly transcriptionally inactive. In order to determine the importance of the JAK/STAT signaling pathway, our objectives were to identify and characterize the mediators of this system in human sperm. Cell fractionation and surface biotinylation assays clearly demonstrated that IL6R is expressed at the sperm membrane surface. The kinase JAK1 is enriched in membrane fractions and is activated during human sperm capacitation as suggested by its increase in phosphotyrosine content. Many signal transducer and activator of transcription (STAT) proteins are expressed in human sperm, including STAT1, STAT3, STAT4, STAT5, and STAT6. Among them, only STAT1 and STAT5 were detected in the cytosolic fraction. All the detected STAT proteins were enriched in the cytoskeletal structures. STAT4 was present in the perinuclear theca, whereas JAK1, STAT1, and STAT5 were detected in the fibrous sheath. Indirect immunofluorescence studies showed that JAK1 and STAT1 colocalized in the neck region and that STAT4 is present at the equatorial segment and flagella. The presence of STAT proteins in sperm structural components suggests that their role is different from their well-known transcription factor activity in somatic cells, but further investigations are required to determine their role in sperm function.
INTRODUCTION
Spermatozoa must undergo numerous biochemical and cellular modifications to become competent at fertilizing the egg [1] . Among the observed modifications, increases in membrane fluidity, intracellular pH and Ca 2þ concentration, and increases in the phosphotyrosine content of specific proteins have been reported [2] . These changes, collectively called capacitation, occur naturally in the female reproductive tract during sperm transit to the fertilization site, suggesting that factors secreted by the endometrial and oviduct epithelial cells trigger sperm intracellular signaling events that make sperm competent for fertilization [3] [4] [5] [6] [7] .
An increase in protein tyrosine phosphorylation is an important event that occurs during sperm capacitation and is considered an indicator of sperm ability to interact with the egg [8, 9] . Studies from different groups have demonstrated that, in human, the increase in protein phosphotyrosine content is regulated directly or indirectly by oxygen derivatives, Ca 2þ , cAMP, and cholesterol efflux [10] [11] [12] [13] [14] [15] . On the other hand, the kinases that are directly involved in this process remain to be clearly identified. The presence and activity of the nonreceptor tyrosine kinase SRC has been reported in sperm [16] [17] [18] [19] , and the mechanisms by which it affects sperm motility and/or capacitation remain to be clearly established [20] .
TYK2 is a member of the JAK/STAT family of nonreceptor tyrosine kinases that has been detected in spermatozoa [21] . As phosphorylation of STAT proteins occurred when spermatozoa were incubated in the presence of cytokines, this suggests that the JAK/STAT signaling pathway is present in sperm and that it can be activated [21, 22] . JAK1 is another kinase activated by cytokines that is present in human sperm [4] . In somatic cells, the JAK1-mediated pathway is triggered by cytokines from the IL6 family [23] . To activate cells, IL6 requires the heterodimerization of the ligand-binding IL6R and two signal transducer subunits, GP130 (official symbol IL6ST), forming together a nontyrosine kinase receptor [24] . IL6ST is constitutively associated with the tyrosine kinase JAK1 or JAK2, and specific phosphorylated tyrosine residue on IL6ST cytoplasmic tail allows the recruitment of signal transducer and activator of transcription (STATs) through their SH2 domain, which will facilitate their phosphorylation by JAK. Phosphorylated and activated STATs homo-or heterodimerize and next migrate to the nucleus, where they activate transcription of specific genes [23] .
Among classical cellular components of cytokine-mediated JAK/STAT signaling pathways, many are present in sperm: IL6R and other cytokine receptors [4, 25, 26] , tyrosine kinases [4, 21] , and STAT1, STAT3, and STAT4 [21, 22, 27, 28] . Although phosphorylation/activation of different STAT factors has been shown when sperm were treated under various conditions in different species [21, 22, 27] , the kinase involved in the activation of sperm STAT proteins was not identified. Furthermore, since spermatozoa are terminally differentiated cells with very little or no gene transcription activity, the role and importance of STATs in sperm functions remain to be elucidated. Therefore, the goal of the present study was to identify which members of the JAK/STAT signaling pathway are present in human spermatozoa in order to further characterize their role during capacitation or other sperm function.
MATERIALS AND METHODS
All experiments were conducted with the approval of the ethics committee for research on human subjects from Laval University and the Laval University Medical Center (CHUQ-CHUL). Mice were treated and housed according to the guidelines of the Canadian Council on Animal Care and approved by the Laval University Animal Care Committees.
Biological Material
Semen samples were obtained by masturbation from healthy volunteers after 2-3 days of sexual abstinence. After liquefaction, the semen was layered on the top of a discontinuous gradient composed of 2-ml fractions each of 20%, 40%, and 65% and 0.1 ml of 95% percoll made isoosmotic in HEPES-buffered saline (HBS; 25 mM Hepes, 130 mM NaCl, 4 mM KCl, 0.5 mM MgCl 2 , 14 mM fructose, pH 7.6). Samples were next centrifuged (1000 3 g, 30 min, room temperature) to isolate spermatozoa from the seminal plasma. Sperm cells at the 65%-95% interface and within the 95% percoll fraction, which represent the highly motile population, were pooled, and their concentration was determined by hematocytometer count. Spermatozoa were next processed as described below for the different experiments. Human testicular tissues were obtained with the collaboration of our local transplantation program (Québec Transplant) with family authorization. Donors, aging from 23 to 58 yr, had experienced accidental death and had no history of pathology that could affect reproductive functions. Tissues were obtained and processed as previously described [29] . Briefly, dissection was made while artificial circulation was maintained to preserve organs assigned for transplantation. Testes were dissected on ice, and tissue pieces were fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS; 1.5 mM KH 2 PO 4 , 8.1 mM Na 2 HPO 4 , 137 mM NaCl, 2.7 mM KCl, pH 7.4). Testes from adult CD1 and C57BL/6 (Charles River) mice were collected and directly injected with the fixative solution before being immersed for 24 h in the fixative solution.
Sperm Subcellular Fractionation
Spermatozoa washed from seminal plasma were fractionated to obtain enriched subcellular fractions as previously described [17] . First, plasma membranes were detached from sperm cells by nitrogen cavitation (600 psi for 10 min at 48C; total cavit). The suspension was next centrifuged at 10 000 3 g (20 min, 48C) to remove small cellular debris, and the resulting supernatant was subjected to ultracentrifugation at 100 000 3 g for 1 h (48C). The resulting pellet contained sperm membranes (plasma membranes), whereas the supernatant contained the cytosolic fraction (cytosol). Proteins from this latter fraction were concentrated by centrifugation using a microcon device (10-kDa cutoff; Millipore). The pellet from the 10 000 3 g centrifugation, which contained mostly demembranated spermatozoa, was next subjected to sonication (three times, 30 sec each on ice; total sonic) to dislocate the heads from the flagellae and to detach other sperm membranes. This last suspension was layered on the top of a 75% Percoll solution made isotonic in HBS and centrifuged at 700 3 g (15 min, 48C). The heads were found in the pellet, and broken flagellae were present at the interface. The supernatant was centrifuged (10 000 3 g, 15 min, 48C), and the resulting supernatant was ultracentrifuged at 100 000 3 g (1 h, 48C) to pellet other residual sperm membranes.
SDS-PAGE and Western Blotting
Proteins from enriched sperm subcellular fractions were solubilized in electrophoresis sample buffer (2% SDS, 10% glycerol, 50 mM DTT, 62.5 mM Tris-HCl, pH 6.8) and heated at 1008C for 5 min. Protein concentration was evaluated using a micro BCA protein assay kit (Pierce) after precipitation with trichloroacetic acid (TCA). Proteins from each fraction were resolved by SDS-PAGE [30] , and gels were either silver stained or transferred onto PVDF membrane (Immobilin-P; Millipore) [31] . Nonspecific binding sites on the membrane were blocked with 5% (w/v) skim milk in Tris-buffered saline containing Tween 20 (TBS-T; 150 mM NaCl, 20 mM Tris-HCl, 0.1% Tween 20, pH 7.4). The membrane was next incubated with an anti-IL6R polyclonal antibody (Santa Cruz Biotechnology), anti-JAK1, anti-STAT1, STAT3, STAT5, or STAT6 (BD Biosciences-Transduction Laboratories) monoclonal antibodies for 1 h at room temperature. These commercial STAT antibodies are known to be highly specific and do not cross-react with any of the other STAT proteins. Polyclonal anti-STAT4 (Santa Cruz) was incubated with the PVDF membrane overnight at 48C in blocking solution. Immunoblot was also performed with the STAT4 antibody pretreated for 8 h at 48C with a 10-fold excess of the antigenic peptide to demonstrate its specificity. Following several washes, the membranes were incubated with a goat anti-mouse IgG or a donkey anti-rabbit IgG secondary antibody conjugated to horseradish peroxidase (Jackson Immunoresearch) for 1 h. After five washes in TBS-T, immunoreactive bands were detected using an enhanced chemiluminescence kit (ECL; GE Healthcare Bio-Sciences Inc.) and x-ray films according to the manufacturer's instructions.
Biotinylation of Sperm Surface Proteins
Percoll-isolated sperm were washed twice with HBS (500 3 g, 5 min) to remove any residual Percoll and were resuspended in HBS to 25 3 10 6 cells/ml. Freshly solubilized Sulfo-NHS-SS-Biotin (Pierce) was added at a final concentration of 1 mM, and the suspension was incubated for 10 min at room temperature with constant agitation. Sperm were centrifuged (500 3 g, 5 min, room temperature) and washed twice by centrifugation with 1 ml HBS to remove unbound biotin reagents. Pelleted spermatozoa were next lysed on ice for 30 min with frequent vortex agitation in immunoprecipitation (IP) buffer (150 mM NaCl, 50 mM Tris pH 7.4, 0.1% [w/v] SDS, 1% triton X-100, 0.5% deoxycholate, 1 mM EDTA containing 10 lg/ml each of aproptinin, leupeptin, and pepstatin, 250 lM phenylmethylsulfoxide [PMSF] , and 200 lM sodium orthovanadate). The suspension was next centrifuged at 17 000 3 g (20 min, 48C) to isolate the soluble fraction to which neutravidin-conjugated sepharose beads (Pierce) were added and then incubated for 2 h at 48C with constant rotation in order to recover biotinylated proteins. At the end of the incubation, FIG. 1. IL6R in sperm subcellular fractions. Following fractionation by nitrogen cavitation, sonication, and different centrifugation, sperm proteins were electrophoresed, and gels were silver stained (A) or transferred on PVDF membrane and subjected to immunoblotting using a polyclonal anti-IL6R antibody (B). Each line contains 1.5 and 3 lg of proteins in A and B, respectively. Data shown represent one of three experiments.
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the beads were washed 3 times with IP buffer and then eluted twice with electrophoresis sample buffer at 958C for 5 min. Proteins were next electrophoresed and transferred onto PVDF membrane. Membranes were submitted to Western blotting as described above using anti-IL6R antibody (Santa Cruz). Since HSPA5 (Grp78) was detected mostly in human sperm cytosolic fraction [32] , it was used as a negative (intracellular protein) control.
Immunoprecipitation of Sperm Proteins
Immunoprecipitation were performed following a 4-h sperm incubation (20 3 10 6 cells/ml) at 378C (5% CO 2 in air, 100% humidity) in modified BiggersWhitten-Whittingham medium (BWW; 10 mM HEPES, 94.6 mM NaCl, 4.8 mM KCl, 1.7 mM CaCl 2 , 1.2 mM KH 2 PO 4 , 1.2 mM MgSO 4 , 25.1 mM NaHCO 3 , 5.6 mM D-glucose, 21.6 mM Na lactate, 0.25 mM Na pyruvate, 0.1 mg/ml phenol red, pH 7.4 [33] ) supplemented with 3 mg/ml fatty acid-free bovine serum albumin to induce capacitation. JAK1 tyrosine phosphorylation was investigated before and after sperm incubation. Sperm were washed in HBS (500 3 g, 5 min) and then lysed in Tris-NaCl buffer (150 mM NaCl, 50 mM Tris, pH 7.4) containing 1% SDS and 10 mM DTT for 5 min at 958C. The sample was next sonicated to disrupt DNA and centrifuged at 17 000 3 g (20 min, room temperature). The soluble fraction was transferred to a new 1.5-ml tube and diluted 10 times with IP buffer added with 2 mM NaF and 2 mM bglycerophosphate and kept on ice. The resulting sample was precleared by the addition of 1 lg of commercial nonimmune mouse IgG, followed by a 1-h incubation at 48C with continuous rotation, addition of Protein G-coated sepharose beads (Amersham), and another 1-h incubation with continuous rotation. The precleared fraction was obtained after removal of the beads by centrifugation (4500 3 g, 3 min). Anti-phosphotyrosine antibody conjugated to agarose beads (PY20-agarose; BD Biosciences-Pharmigen) was added to the precleared fraction and incubated overnight at 48C. The beads were pelleted by centrifugation, washed three times with IP buffer, and eluted twice with electrophoresis sample buffer at 958C for 5 min. Proteins from the immune complex were electrophoresed and transferred onto PVDF membrane as described above. Membranes were next submitted to Western blotting using anti-JAK1 (BD Biosciences-Pharmigen) to determine whether JAK1 is present among the immunoprecipitated tyrosine phosphorylated sperm proteins.
Isolation of Sperm Perinuclear Theca
To isolate sperm perinuclear theca, these cells were processed as described in the sperm subcellular fractionation section up to the end of the sonication process. The sonicated homogenate was resuspended 1:1 with 1.6 M sucrose in PBS containing 500 lM PMSF (PBS-PMSF). The resulting suspension was layered on top of a discontinuous sucrose gradient consisting in 1 ml of each 2.2 M and 1.8 M sucrose in PBS-PMSF and centrifuged at 15 000 3 g (35 min, 48C). The purity of the head fraction recovered in the pellet was evaluated by light microscopy, and the heads were washed twice by centrifugation (10 000 3 g, 5 min, 48C) with 1 ml HBS containing protease inhibitors (HBSþinh; 10 lg/ ml each of aproptinin, leupeptin, and pepstatin; 250 lM PMSF; and a tablet of Complete Mini proteases inhibitors cocktail [Roche Diagnostics]). Perinuclear theca was isolated as previously reported for bull sperm [34] . Pelleted heads were resuspended with 1% Triton X-100 in HBSþinh for 1 h at 48C with agitation. After centrifugation at 10 000 3 g (5 min, 48C), the supernatant was removed, and the pellet was washed by centrifugation with 1 ml HBSþinh. The pellet was next submitted to 1 M NaCl containing 250 lM PMSF for 1 h at 48C with agitation, followed by centrifugation. The supernatant was removed, and the pellet was washed prior to an overnight perinuclear theca extraction with 0.1 M NaOH containing 250 lM PMSF at 48C with agitation. The sample was next centrifuged at 10 000 3 g (5 min, 48C). The supernatant contained the solubilized perinuclear theca, while the pellet consisted of nonextracted sperm head material.
Isolation of Sperm Fibrous Sheath
Percoll-isolated spermatozoa were washed with cold Tris 50 mM pH 9.5 containing 500 lM PMSF before being submitted to a first extraction with 1% Triton X-100, 2 mM DTT, 50 mM Tris pH 9.5, and 500 lM PMSF for 10 min at 48C with constant end-over-end rotation. The suspension was centrifuged, and proteins in the supernatant were precipitated in 80% (v/v) acetone. The pellet was washed in Tris 50 mM pH 9.5 following by a second washes in Tris 50 mM pH 8.0, and EGTA 0.5 mM at 48C. It was next extracted with 1% Triton X-100, 2 mM DTT, 50 mM Tris pH 8.0, 0.5 mM EGTA, and 500 lM PMSF for 15 min at room temperature with frequent vortex. The suspension was centrifuged, and the supernatant was recovered for precipitation in 80% (v/v) acetone while the pellet was submitted to a last extraction with 6 M urea, 20 mM DTT, 50 mM Tris pH 8.0, 0.5 mM EGTA, and 500 lM PMSF for 30 min with frequent vortex agitation. At the end, the suspension was mixed in a 1:1 ratio with a 1.8 M sucrose solution containing 1% Triton X-100, 50 mM Tris pH 8.0, 0.5 mM EGTA, and 500 lM PMSF. One milliliter of the resulting FIG. 2. Surface localization of IL6R. Living sperm were incubated in the absence (Ctrl) or presence (Biot) of biotinylation reagents and, after washes, were subjected to solubilization and precipitation with Neutravidin-coated agarose-beads. Nonprecipitated proteins (sup, supernatant) and eluted proteins from Neutravidin beads (pellet) were electrophoresed and transferred onto PDVF membrane. Western blots were performed using an anti-IL6R antibody and an anti-HSPA5 antibody as an intracellular protein control. Data shown represent one of three experiments.
FIG. 3. JAK1 in sperm subcellular fractions. A) Spermatozoa were fractionated using nitrogen cavitation and sonication and different centrifugation. B) Sperm were lysed in native IP buffer, and the soluble and insoluble fractions were separated by centrifugation. In both cases, proteins were submitted to electrophoresis and transferred onto PVDF membrane for immunoblotting with an anti-JAK1 antibody. The presence of tubulin a (TUBA) was also assessed in sperm subcellular fractions in A. Each line contains 3 lg of proteins in A and proteins extracted from 2 3 10 6 sperm cells in B. Data shown represent one of three experiments.
suspension was deposited on a layer of 500 ll of the 1.8 M sucrose solution and centrifuged at 10 000 3 g (15 min, room temperature). The supernatant (urea/ DTT soluble fraction) was recovered, and proteins were then precipitated with 25% (v/v; final) TCA. Sperm fibrous sheathes, the insoluble material immobilized at the interface, were transferred in a new tube for two washes with Tris 50 mM pH 8.0 in order to remove sucrose and urea/DTT-soluble contaminants. Fibrous sheath proteins were solubilized in electrophoresis sample buffer for 5 min at 958C, facilitated by sonication. Anti-ODF2, kindly donated by Dr. van Der Hoorn (University of Calgary), was used as a marker of sperm outer dense fibers, solubilized by the urea/DTT treatment.
Immumnofluorescence on Ejaculated Spermatozoa
Isolated spermatozoa were washed by centrifugation with HBS (500 3 g, 5 min) to remove residual Percoll and resuspended in HBS to a final concentration of 20 3 10 6 cells/ml. Thirty-five microliters of this suspension were deposited on poly-L-lysine (0.01% v/v) coated coverslips and allowed to adhere for 30 min. They were then fixed with 3.7% formaldehyde in PBS for 15 min. After four washes in PBS, formaldehyde fixed sperm were permeabilized with 0.2% Triton X-100 in PBS for 10 min and washed three more times with PBS containing 0.05% Triton X-100. This detergent was present (0.05%) in all subsequent solutions for JAK1 and STAT1 detection. Nonspecific sites were blocked with PBS containing 1% (w/v) fraction V bovine serum albumin (PBS/ BSA) for 1 h. Sperm were incubated for 1 h at 378C with JAK1 antibody or overnight at 48C with STAT1 antibody. An equal concentration of commercial nonimmune mouse IgG was used as a negative control. For immunolocalization of STAT4, IL6R, or IL6ST, spermatozoa on poly-L-lysine-coated coverslips were fixed-permeabilized with methanol at À208C for 10 min instead of formaldehyde/Triton X-100. Cells were next allowed to dry before being rehydrated with PBS prior to blocking with PBS/BSA. They were next incubated overnight at 48C with STAT4, IL6R, IL6ST antibodies, or commercial nonimmune rabbit IgG as negative control. Following several washes with PBS, sperm were incubated with an anti-mouse IgG secondary antibody conjugated to Fluorescein isothiocyanate (FITC; Jackson Immunoresearch) or AlexaFluor 488 (Molecular Probes) or with an anti-rabbit IgG-FITC (Jackson Immunoresearch) for 1 h at 378C. After several washes, the coverslips were mounted on slides using glycerol containing 1.5% (w/v) diazabicyclo[2.2.2]octane as an antifading agent, and cells were observed by epifluorescence microscopy under ultraviolet illumination.
Immunohistochemistry on Human Testis
Human and mouse fixed testes were processed and embedded in paraffin by the hospital pathology department. Sections (6 lm thick) were then deparaffinized in toluene and rehydrated through bathing in decreasing alcohol concentration solutions. To limit nonspecific antibody interactions, sections were treated with 300 mM glycine and were next incubated in 3% hydrogen peroxide in methanol to quench endogenous peroxidase activity. Antigens were unmasked by incubating sections for 10 min in 10 mM boiling sodium citrate solution at pH 6.0. Sections were brought back to room temperature and incubated in blocking solution (PBS/BSA) for 1 h. Testis sections were next incubated for 16-18 h at 48C with anti-IL6ST (GP130) or anti-STAT4 (Santa Cruz) polyclonal antibodies diluted in PBS/BSA. Negative controls consisted of commercial nonimmune rabbit IgG (rIgG) used at the same concentration. As an additional control, STAT4 antibody was preadsorbed with a 100-fold excess of the blocking peptide (Santa Cruz) prior to immunolabeling. Sections were next washed five times in PBS containing 0.05% (v/v) Tween 20 (PBS-T), 5 min each, and incubated for 1 h at room temperature with a biotinylated donkey anti-rabbit IgG secondary antibody (Jackson Immunoresearch). After several washes, sections were incubated 30 min with streptavidin conjugated to horseradish peroxidase (Jackson Immunoresearch), and positive signal was revealed with 3,3 0 -diaminobenzidine (Sigma) as a chromagen. Sections were counterstained with Gill hematoxylin and mounted in water-based medium containing glycerol and Mowiol (Calbiochem; EMD Biosciences Inc.). Images were acquired using a digital camera and Image Pro-Plus software (Media Cybernetics Inc.).
RESULTS

Localization of IL6 Receptor in Human Sperm
In the characterization of human sperm JAK/STAT signaling pathway, our first attempts were on the IL6 receptor. The ligand-binding subunit of this receptor, IL6R (GP80), was assessed in sperm subcellular compartments. As reported in the literature, there are two major isoforms: the membrane isoform (80 kDa), which was strongly enriched in the fraction containing the sperm plasma membranes, and the soluble isoform (sIL6R; 55 kDa), detected almost exclusively in the cytosolic fraction of spermatozoa (Fig. 1) . The 80-kDa isoform was also found, although to a lower extent, in the cytosolic fraction and in the residual membranes that were further detached by sonication. The next set of experiments was designed to determine whether the membrane-associated IL6R isoform was expressed on the sperm surface. Living/ moving   FIG. 4 . Activation of JAK1 during capacitation. Human spermatozoa were incubated for 4 h under capacitation conditions in BWW medium. They were next lysed, and phosphotyrosine containing proteins were immunoprecipitated using PY20 antibody conjugated to agarose beads (IP PY20) following a first immunoprecipitation with commercial nonimmune mouse IgG as a negative control (mIgG). JAK1 was detected among immunoprecipitated proteins by Western blot using an anti-JAK1 antibody. Data shown represent one of three experiments. 
* À, less than total cavitated sperm; þ, similar to total cavitated sperm; þþ and þþþ, more and much more, respectively, than total cavitated sperm; ND, not detected.
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sperm were subjected to biotinylation procedure under conditions that does not allow biotinylation of intracellular proteins. As shown in Figure 2 , the 80-kDa isoform was easily detected among sperm surface biotinylated proteins, whereas the 55-kDa form (sIL6R) was not. To ensure that intracellular proteins were not biotinylated, the PVDF membrane was reprobed with an antibody against HSPA5 (Grp78), a chaperone protein previously shown to be present mostly in sperm cytosolic fraction [32] . Only a weak HSPA5 signal, if any, was detected among the biotinylated proteins. This strongly suggests that the membrane isoform of IL6R is present on the sperm surface.
The Tyrosine Kinase JAK1 in Human Sperm
Our next attempt was to identify the intracellular components of the signaling pathway related to IL6 receptor. JAK1 is the best-known tyrosine kinase associated with this receptor. As shown in Figure 3A , JAK1 was enriched in the membrane fractions obtained after cavitation (plasma membranes) or those further harvested after sonication (residual membranes). This B) The specificity of the STAT4 antibody was assessed on protein extracts from mouse and human testis and in human spermatozoa (spzs). PVDF membranes were incubated with anti-STAT4 antibody that has been preadsorbed or not with the antigenic peptide.
LACHANCE AND LECLERC
kinase was also detected, although to a lower extent, in the fraction containing demembranated flagella (Fig. 3A) . Although present in sperm membrane fractions, JAK1 was only slightly extracted by nonionic detergents (Fig. 3B) . In order to determine whether this kinase is activated during sperm capacitation, its phosphotyrosine content was assessed. An increase in JAK1 phosphotyrosine content was observed when spermatozoa were incubated for 4 h under capacitating conditions (Fig. 4) . These results indicate that JAK1 is present in sperm plasma membranes and is activated during capacitation.
STAT Proteins in Human Sperm
The presence of STAT1, STAT3, STAT4, STAT5, and STAT6 was next investigated in human sperm by Western blot procedures. In these cells, STAT1, STAT3, and STAT6 recognized strictly proteins with masses identical to those reported in somatic cells. For STAT4 and STAT5, other bands were detected as described below. As shown in Figure 5A , both a and b isoforms (91 and 84 kDa, respectively) of STAT1 were clearly detected in human spermatozoa. Interestingly, these two isoforms were not enriched exactly in the same subcellular fractions. The heaviest (a) form was enriched mainly in the plasma membrane and demembranated flagellar fractions, whereas the lightest (b) one was enriched in the cytosolic fraction ( Fig. 5A and Table 1 ). Although highly interesting, this difference in subcellular localization requires further investigation. STAT3 was detected in all subcellular fractions except the cytosol and the head (Fig. 5A) . Although it was enriched mostly in the flagellar fraction, a slight enrichment was also noted in the membranes detached by nitrogen cavitation (Fig. 5A and Table 1 ). In contrast, the well-known 89 kDa STAT4 was restricted to the fractions containing the heads and the flagellae (Fig. 5A and Table1) . Using this   FIG. 7. Localization of IL6R, IL6ST, JAK1 , STAT1, and STAT4 on sperm. Fixed and permeabilized spermatozoa were submitted to indirect immunofluorescence using an anti-JAK1 or anti-STAT1 monoclonal antibody (D and E, respectively) or an anti-IL6R, anti-IL6ST, or anti-STAT4 polyclonal antibody (B, A, and C, respectively). Negative controls using total mouse or rabbit IgG (G or H, respectively) were shown. Corresponding phase images were shown for STAT1 (F) and rIgG (I). Equatorial segment is indicated by an arrow, flagella by an arrowhead, and neck region by an asterisk. Bar ¼ 10 lm. Data shown represent one of three experiments.
STAT4 antibody, a 70-kDa band was enriched in sperm cytosolic fraction. The nature of that protein band remains unknown, even though it disappeared when the antibody was blocked with the immunizing peptide (Fig. 5B) . In the sperm head, STAT4 was present mostly in the perinuclear theca, although some of it resisted to the NaOH extraction (Fig. 6A) . STAT5 was present in all subcellular fractions but the sperm heads. As for STAT1b, STAT5 was present in the cytosolic fraction. In this latter fraction, our STAT5 antibody reacted also with an unidentified ;60-kDa protein. STAT6 was found in all sperm subcellular fractions except for the cytosolic one and was slightly enriched in flagellae. In the isolated sperm fibrous sheaths, JAK1, STAT1a and b, and STAT5 were detected, whereas STAT3 and STAT4 were extracted during the urea/DTT treatment to solubilize sperm outer dense fibers, another structural element of sperm flagella. JAK1, STAT1, and STAT5 were also present in that latter fraction (Fig. 6B) . From these results, all the STAT proteins were detected in the flagellar fraction; STAT1, STAT3, STAT5, and STAT6 are present in the membrane fractions; STAT1 and STAT5 are present in the cytosolic fraction; and only STAT4 and STAT6 are detected in the sperm heads ( Fig. 5A and Table 1 ).
Localization of the Mediators of the JAK/STAT Signaling Pathway in Spermatozoa
The localization of the different mediators of the JAK/STAT pathway was next attempted by indirect immunofluorescence in human spermatozoa. As we previously reported [4] , IL6R was localized to the entire flagellum, from the neck to the end piece (Fig. 7B) . IL6ST, the signaling subunit of the receptor, was detected at the equatorial segment and at a highly localized area of the connecting piece (Fig. 7A ). JAK1 and STAT1 showed very similar localization, highly restricted to a small area of the sperm neck (Fig. 7, D and E) . STAT4 was detected in the equatorial segment, in the neck and midpiece regions, and at a lower level in the entire flagella (Fig. 7C) . In the neck, however, its localization was not as restricted as what was observed with IL6ST, JAK1, or STAT1. Negative controls consisted of commercial nonimmune mouse or rabbit IgG instead of primary antibodies and showed no immunoreactivity (Fig. 7, H and I ).
Localization of IL6ST and STAT4 in Testis Tissues
Our next goal was to determine when, during spermatogenesis, the mediators of the JAK/STAT signaling pathway were expressed. Unfortunately, among the antibodies tested by immunohistochemical methods on human testis sections, only IL6ST and STAT4 could be consistently and significantly detected. IL6ST was detected in both peritubular space and seminiferous tubules (Fig. 8A) . In the seminiferous tubules, IL6ST was found in the cytoplasm of spermatogonia, spermatocytes, and spermatids (Fig. 8C) . The strongest signal, however, was observed in spermatids. In these cells, IL6ST shows association with the developing acrosome and the equatorial segment (Fig. 8C) . As previously shown in mouse testis [28] (Fig. 9, B and D) , STAT4 was strongly expressed in the cytoplasm and nucleus of human spermatids and associated with the developing acrosome and equatorial segment (Fig. 9 , A and C). However, when the antibody was preadsorbed with the immunizing peptide, a much weaker labeling was still detected in the developing acrosome and equatorial segment in both human and mouse (Fig. 9, E and F, respectively) . Nevertheless, the cytoplasmic and nuclear signal was completely lost when tissues were probed with the preadsorbed antibody. No signal was detected when human or mouse testes were probed with nonimmune commercial rabbit IgG (Fig. 9, G and H). Therefore, from these results, both IL6ST and STAT4 are strongly expressed at the spermatid stage in a very similar localization.
DISCUSSION
During the process of fertilization, when both male and female gametes interact, it has been shown that sperm stimulate production and secretion of cytokines by the cumulus cells surrounding the ovulated egg. In return, those secretory products would facilitate sperm capacitation [35] . However, the mechanisms by which these cytokines modulate sperm function are not characterized and require further investigations. The importance of the JAK/STAT pathway, which is a major intracellular signaling cascade triggered by numerous cytokines, is a field that remains to be investigated more deeply in sperm functions. A previous study reported that human sperm STAT1 was tyrosine phosphorylated/activated by IFNA or IFNG, while STAT4 was putatively activated by IL12 [21] . In guinea pig, capacitation-associated tyrosine phosphorylation of STAT1 was also demonstrated, whereas STAT4 was not affected [27] . On the other hand, the cascade of events or the enzymes involved in the activation of STAT1 remain elusive in mammalian spermatozoa. Although it would have been interesting to determine whether one or more STAT proteins and JAK1 are activated during capacitation, these functional studies are not under the scope of the present study. The goal of this investigation was to determine which players of the JAK/ STAT signaling cascade are present in human sperm and in what part of the cell they are found. Here we showed that JAK1 phosphotyrosine content increases during capacitation, suggesting that its activation but its involvement in the   FIG. 9 . Localization of STAT4 in human testis. Human (left panels) and mouse (right panels) testis sections were submitted to immunohistochemistry using anti-STAT4 polyclonal antibody (A-D) or preadsorbed STAT4 antibody (E and F) or total rabbit IgG (G and H) as a negative control. Positive staining is shown by a brownish precipitate. Spermatogonias (Sg), spermatocytes (Sc), and spermatids (Sd) are indicated. Bar ¼ 50 lm (A, B, and E-H) and 20 lm (C and D).
phosphorylation/activation of spermatic STATs remains to be determined.
This study is the first to report the presence of STAT3, STAT5, and STAT6 in human spermatozoa in addition to STAT1 and STAT4. In agreement with previous observation in mouse sperm [28] , STAT4 was present in demembranated human sperm heads among the proteins solubilized from the perinuclear theca. In human testis sections, STAT4 was detected mainly in the cytoplasm and in the acrosomal/ equatorial area of spermatids. Similar expression pattern was previously reported in mouse [28] . In ejaculated human sperm, STAT1 was detected in the neck as previously observed in guinea pig [27] , while STAT4 was found at the equatorial segment. In our conditions, unlike what was previously reported in human [21] and guinea pig sperm [27] , no STAT4 staining was detected on the apical region of the sperm head. When sperm subcellular localization of STAT proteins was assessed, they were all detected in the flagellar fraction, STAT1 and STAT5 being enriched in the fibrous sheath, while the other family members were present in the urea/DTT-extracted fraction, suggesting that they are associated with the sperm outer dense fibers, the axoneme, or loosely attached to the fibrous sheath. Unfortunately, in our usual conditions, we were unsuccessful at determining the localization of STAT3, STAT5, and STAT6 in sperm or in testis sections by indirect immunofluorescence or immunohistochemistry approaches. In mouse seminiferous tubules, STAT3 was shown to be associated with the developing acrosome of round spermatids [36] .
The presence of STAT proteins in sperm structural components suggests that their role is different from their well-known transcription factor activity in somatic cells. As sperm are transcriptionally inactive or, at most, poorly active, the physiological significance of STAT proteins in sperm function remains intriguing. It has been recently demonstrated that STATs can also mediate protein-protein interactions, demonstrating that they are not exclusively restricted to DNA binding [37] . Since almost all STATs were enriched in sperm flagellum, interactions with tubulin-binding proteins, as previously demonstrated for STAT3 and stathmin [37] , might occur. This hypothesis is reinforced by the association of STAT1, STAT3, and STAT4 with the axoneme and/or outer dense fibers as suggested by its extraction by urea/DTT treatment (Fig. 6B) . Stathmin-encoding RNA is found at high levels in human testis [38] , and the protein stathmin is present in meiotic and postmeiotic rat germ cells [39] [40] [41] . Therefore, these findings support ongoing studies on the role of STATs in sperm functions independently of their well-known role as transcription factors.
In this study, the presence of STAT1 in the neck region of the sperm flagellum is highly similar to the one of JAK1 which might suggest putative interactions between these two. This may be further emphasized by the same colocation of these two factors in the fibrous sheaths and the urea/DTT-extracted fractions. Since IL6ST, the signal transducing subunit of some cytokine receptor, is also detected in the neck region, a signaling cascade involving these three components may be activated according to a yet-undefined stimulus. As the IL6R is detected in the entire flagellum, including the neck area, IL6 might trigger this JAK/STAT signaling pathway, although contradictions are found in the literature concerning the effects-positive, negative, or absence of effect-of IL6 on sperm motility [26, 42, 43] .
On the other hand, there are some suggestions from the literature that the tyrosine kinase JAK might also be involved in sperm motility. JAKMIP1 (Marlin-1) is a protein interacting with JAK and with microtubules [44] . It has been previously reported that JAKMIP1 is present in mature rat spermatozoa, mostly in the flagellum [45] . All together, the observations discussed above suggest a putative role for STATs in sperm motility or in molecule trafficking along microtubules. Recently, it was shown that leptin stimulates boar and human sperm motility [22, 46] . The leptin receptor, which has been shown in human and pig sperm [22, 47] , usually activates the cellular JAK/STAT signaling pathway [48] . Whether leptin activates sperm motility directly or indirectly through the activation of JAK remains to be elucidated, even though it was shown to activate STAT3 in boar sperm [22] .
Although the activation of sperm JAK/STAT signaling cascade was not the objective of this study, we clearly demonstrated that the members of this pathway are present in mature ejaculated sperm. From our results, it is clearly shown that the membrane form of IL6R, the ligand binding subunit of the IL6 receptor, is present on the sperm surface and that JAK1, STAT1, STAT3, STAT5, and STAT6 were all present in the subcellular fraction that contain sperm membranes. It is therefore likely that activation of this signaling is activated in sperm. Evidence is pointing out that many signaling pathways are implicated during sperm capacitation [49, 50] , and investigations are currently undergoing to establish if the tyrosine kinase JAK1 and the different STAT proteins play a role in the process of sperm capacitation or its associated development of hyperactive motility.
